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Using a sample of 4.48 × 108 ψ(3686) events collected with the BESIII detector at the BEPCII
collider, we study the two-photon decays of the pseudoscalar mesons pi0, η, η′, η(1405), η(1475),
η(1760), and X(1835) in J/ψ radiative decays using ψ(3686) → pi+pi−J/ψ events. The pi0, η and
η′ mesons are clearly observed in the two-photon mass spectra, and the branching fractions are
determined to be B(J/ψ → γpi0 → 3γ) = (3.57 ± 0.12 ± 0.16) × 10−5, B(J/ψ → γη → 3γ) =
(4.42± 0.04± 0.18)× 10−4, and B(J/ψ → γη′ → 3γ) = (1.26± 0.02± 0.05)× 10−4, where the first
errors are statistical and the second systematic. No clear signal for η(1405), η(1475), η(1760) or
X(1835) is observed in the two-photon mass spectra, and upper limits at the 90% confidence level
on the product branching fractions are obtained.
PACS numbers: 13.66.Bc, 14.40.Be
I. INTRODUCTION
Within the framework of quantum chromodynamics
(QCD), the two-photon decay width of a meson plays a
crucial role in understanding the nature of the meson and
helps to distinguish glueballs from conventional mesons
since glueballs are believed to have a relatively small two-
photon decay width [1]. Therefore, experimental studies
of the two-photon decays of mesons are very important
to help interpret the meson spectrum.
The η(1405)/η(1475) pseudoscalar meson was once re-
garded as a glueball candidate since it was copiously pro-
duced in J/ψ radiative decays [2] and was not observed
in two-photon collisions [3]. However, the measured mass
is much lower than the prediction of Lattice QCD for a
pseudoscalar glueball, which lies above 2GeV/c2 [4, 5].
Later, the experiments found two different pseudoscalar
states, η(1405) and η(1475), with the former mainly de-
caying to a0(980)pi and KK¯pi and the latter mainly to
K∗(892)K¯ [6]. At present, the one state assumption
and the nature of η(1405)/η(1475) are still controversial.
Another pseudoscalar meson, the η(1760), has been pro-
posed as a mixture of a glueball with a conventional qq¯
state [7], rather than a pure qq¯ meson or a glueball, and
this hypothesis is supported by the large production rate
of the η(1760) in J/ψ → γωω decays [8, 9]. The nature
of the X(1835) is still an open question although a num-
ber of theoretical interpretations have been proposed, in-
cluding an NN¯ bound state [10], baryonium with sizable
gluon content [11], a pseudoscalar glueball [12], a radial
4excitation of the η′ [13], and an ηc-glueball mixture [14].
None of these interpretations have been completely ruled
out or confirmed.
Pseudoscalar mesons are copiously produced in J/ψ
radiative decays. The two-photon decay widths of pi0,
η and η′ mesons have been measured [6], and previous
values were used to determine the branching fractions
of J/ψ → γ(pi0, η, η′) [15, 16]. Those of J/ψ → γ(η,
η′) were then used to calculate the pseudoscalar mixing
angle [15]. However, the two-photon decays of η(1405),
η(1475), η(1760) and X(1835) have not been investigated
yet.
At present, the sample of 4.48×108 ψ(3686) events [17]
(1.06×108 events in 2009 and 3.41×108 in 2012) collected
by the BESIII detector offers the opportunity to study
the two-photon decays of pseudoscalar mesons in J/ψ
radiative decay in ψ(3686) → pi+pi−J/ψ events. While
the number of J/ψ events from the BESIII ψ(3686) →
pi+pi−J/ψ data samples is much smaller than that of
the direct BESIII e+e− → J/ψ samples, the direct J/ψ
samples have a large background from the e+e− → γγ
process. Thus, better sensitivity on the two-photon de-
cay widths of pseudoscalar mesons is possible using the
ψ(3686) data samples collected at BESIII. In this pa-
per, the branching fractions of J/ψ → γ(pi0, η, η′) →
3γ are measured. Additionally, we also search for the
two-photon decays of the pseudoscalar mesons, η(1405),
η(1475), η(1760) and X(1835).
II. DETECTOR AND MONTE CARLO
SIMULATION
BEPCII is a double-ring e+e− collider running at
center-of-mass energies from 2.0 to 4.6 GeV. The BE-
SIII [18] detector at BEPCII, with a geometrical ac-
ceptance of 93% of 4pi solid angle, operates in a 1.0 T
magnetic field provided by a superconducting solenoid
magnet. The detector is composed of a helium-based
drift chamber (MDC), a plastic-scintillator time-of-flight
(TOF) system, a CsI(Tl) electromagnetic calorimeter
(EMC) and a resistive plate chamber (RPC)-based muon
chamber (MUC) in the iron flux return yoke of the mag-
net. The spatial resolution of the MDC is better than 130
µm, the charged-particle momentum resolution is 0.5% at
1.0 GeV/c, and the specific energy loss (dE/dx) resolu-
tion is better than 6% for electrons from Bhabha events.
The time resolution of the TOF is 80 ps in the barrel
and 110 ps in the endcaps. The energy resolution of the
EMC at 1.0 GeV/c is 2.5% (5%) in the barrel (endcaps),
and the position resolution is better than 6 mm (9 mm)
in the barrel (endcaps). The position resolution in the
MUC is better than 2 cm.
Monte Carlo (MC) simulations are used to esti-
mate backgrounds and determine the detection effi-
ciencies. The GEANT4-based [19] simulation software
BOOST [20] includes the geometric and material de-
scription of the BESIII detector, detector response, and
digitization models, as well as the tracking of the de-
tector running conditions and performance. Produc-
tion of the charmonium state ψ(3686) is simulated with
KKMC [21, 22], while the decays are generated with
EVTGEN [23, 24] for known decay modes with branching
fractions taken from the Particle Data Group (PDG) [6]
and by LUNDCHARM [25] for the remaining unknown
decays. We use a sample of 5.06×108 simulated ψ(3686)
events, in which the ψ(3686) decays generically (‘inclu-
sive MC sample’), to study the backgrounds. The anal-
ysis is performed in the framework of the BESIII offline
software system (BOSS) [26] which incorporates the de-
tector calibration, event reconstruction, and data stor-
age.
III. DATA ANALYSIS
In this paper, the two-photon decays of the pseu-
doscalar mesons are investigated with J/ψ radiative de-
cays. Hence the candidate events for the reconstruction
of ψ(3686)→ pi+pi−J/ψ, J/ψ → 3γ are required to have
two oppositely charged tracks and at least three pho-
ton candidates. Each charged track, reconstructed using
hits in the MDC, is required to be in the polar angle
range | cos θ| < 0.93 and pass the interaction point within
±10 cm along the beam direction, and within ±1 cm
in the plane perpendicular to the beam. Both charged
tracks are assumed to be pion candidates.
Photon candidates are reconstructed from clusters of
energy deposited in the EMC, and the deposited energy
of each is required to be larger than 25 MeV in the barrel
region (| cos θ| < 0.80) or 50 MeV in the endcap region
(0.86 < | cos θ| < 0.92). The opening angle between a
shower and the nearest charged track must be greater
than 15◦, and timing requirements in the EMC are used
to suppress electronic noise and energy deposits unre-
lated with the collision event. Events that satisfy the
above requirements are retained for further analysis.
A four-constraint (4C) kinematic fit imposing energy
and momentum conservation is performed under the hy-
pothesis of pi+pi−γγγ. If the number of photon candi-
dates in an event is larger than three, the combination
with the smallest χ24C from the kinematic fit is selected,
and χ24C is further required to be less than 50. The dis-
tribution of the γγγ invariant mass, Mγγγ, of selected
candidate events is shown in Fig. 1, where a very clean
J/ψ peak is seen with very low background. A mass win-
dow requirement |Mγγγ−mJ/ψ| < 0.08 GeV/c
2 is applied
to select the J/ψ signal, where mJ/ψ is the nominal mass
of the J/ψ meson [6].
After the above requirements, the distribution of the
two-photon invariant massMγγ is shown in Fig. 2, where
the photon momenta from the 4C kinematic fit are used
to calculate Mγγ and there are three entries per event.
The backgrounds without the J/ψ intermediate
state (non-J/ψ background) can be estimated from
the events within the J/ψ sideband regions, defined
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FIG. 1. (color online) Three-photon invariant mass spectrum
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the background contribution from J/ψ → γpi0pi0 (red solid
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FIG. 2. (color online) Two-photon invariant mass spectrum
for data (dots with error bars) and MC simulation of J/ψ →
γpi0pi0 (red solid histogram).
as 3.072 GeV/c2 < Mγγγ < 3.080 GeV/c
2 and
3.114 GeV/c2 < Mγγγ < 3.122 GeV/c
2, which are in-
dicated in Fig. 1. The backgrounds from ψ(3686) →
pi+pi−J/ψ with J/ψ decaying to neutral particle final
states (J/ψ background) are investigated with the inclu-
sive MC sample of 5.06×108 ψ(3686) events. One promi-
nent background is ψ(3686) → pi+pi−J/ψ, with J/ψ →
γpi0pi0, which produces a peak around the pi0 mass re-
gion in the Mγγ distribution. To estimate its contribu-
tion, a dedicated MC sample of ψ(3686) → pi+pi−J/ψ,
J/ψ → γpi0pi0 is produced incorporating the amplitude
analysis result of J/ψ → γpi0pi0 [27]. With the same
selection criteria and taking into account the number
of ψ(3686) events as well as the branching fractions of
ψ(3686) → pi+pi−J/ψ [6] and J/ψ → γpi0pi0 [27], the
corresponding distribution of Mγγ is shown as the solid
histogram in Fig. 2. The number of peaking background
events in the pi0 signal region is expected to be 32 ± 2,
which is estimated by a fit to the γγ invariant mass spec-
trum of the above MC sample, where the pi0 signal is
modeled with the sum of a Crystal Ball (CB) [28] function
and a Gaussian function, and the other J/ψ non-peaking
background is described with a second order Chebychev
polynomial function.
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FIG. 3. (color online) Fits to the γγ mass distribution for
(a) J/ψ → γpi0 → 3γ, (b) J/ψ → γη → 3γ and (c)
J/ψ → γη′ → 3γ. The dots with error bars are data; the
red solid curve is the result of the fit; the black hatched his-
togram shows the J/ψ sideband background; the long-dashed
curve represents the other non-peaking backgrounds; the blue
solid histogram in (a) represents the contribution from the
background of J/ψ → γpi0pi0.
The signal yields of J/ψ → γ(pi0, η, η′) → 3γ are
obtained from unbinned maximum likelihood fits to the
γγ invariant mass spectra. In the fits, the signal shapes
are modeled with the sum of a CB function and a Gaus-
sian function. The non-J/ψ backgrounds are estimated
with the events in the J/ψ sideband region, assuming the
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FIG. 4. (color online) Fit results for the γγ invariant mass distributions for (a) J/ψ → γη(1405) → 3γ, (b) J/ψ → γη(1475)→
3γ, (c) J/ψ → γη(1760) → 3γ and (d) J/ψ → γX(1835) → 3γ. The dots with error bars are data, the red solid curves show
the result of the fit, the blue shaded histograms are the expected signals, where the signal normalization corresponds to the
90% confidence level upper limit, and the green long-dashed curves show the background.
Mγγγ distribution to be flat in the vicinity of the J/ψ.
Their yields and shapes are fixed in the fit. The non-
peaking J/ψ background is parameterized with a second-
order Chebychev polynomial function. The fit results are
shown in Fig. 3. The signal yields from the fit and the
MC determined detection efficiencies are summarized in
Table I, where the MC simulation is performed using an
angular distribution of 1+cos2 θγ for the radiative photon
in the J/ψ rest frame.
No obvious signals for the pseudoscalar mesons
η(1405), η(1475), η(1760) or X(1835) are observed in the
Mγγ distributions. Upper limits on the signal yields are
obtained by fits to the Mγγ distributions in the vicinity
of the corresponding signal region, as shown in Fig. 4. In
the fits, the line shapes of the η(1405), η(1475), η(1760)
and X(1835) signals are parameterized by Breit Wigner
(BW) functions convolved with Gaussian functions to ac-
count for the mass resolution, where the mass and width
of BW functions are fixed to the world average values
taken from the PDG [6] and the mass resolutions are ob-
tained from MC simulation. The background shapes are
described by second-order Chebychev polynomial func-
tions. We derive the upper limits from these fits using a
Bayesian approach with a flat prior as input. The dis-
tribution of minimized likelihood values for a series of
input signal event yields is taken as the probability den-
sity function (PDF) for the expected number of events.
The number of events at 90% of the integral of the PDF
from 0 to the given number of events is defined as the up-
per limit at the 90% confidence level (C.L.). To take into
account the systematic uncertainties related to the fits,
alternative fits with different fit ranges and background
shapes are also performed, and the maximum upper limit
among these cases is selected.
IV. SYSTEMATIC UNCERTAINTIES
Systematic uncertainties in the branching fraction
measurements mainly originate from efficiency differ-
ences between data and MC simulation in the MDC
tracking, the photon detection, the kinematic fitting ef-
ficiency and the J/ψ mass window requirement. Ad-
ditional uncertainties associated with the fit range, the
background shape, the sideband regions, the MC statis-
tics, the branching fraction of ψ(3686)→ pi+pi−J/ψ, and
the total number of ψ(3686) events are also considered.
The tracking efficiency of charged pions has been in-
vestigated using control samples of J/ψ → pp¯pi+pi− [29].
The difference in tracking efficiency between data and
MC simulation is found to be 1% per track, which is
taken as the uncertainty from the tracking efficiency.
7TABLE I. Numbers used in the calculations of the product branching fractions and the upper limits, including the numbers of
events, Nobs(NUL), the detection efficiency, ε, and the product branching fractions, B. The world average values (PDG) are
shown for comparison.
Decay mode Nobs(NUL) ε(%) B PDG
J/ψ → γpi0 → 3γ 1635 ± 54 29.03 ± 0.08 (3.57 ± 0.12 ± 0.16) × 10−5 (3.45 + 0.33
− 0.30 )× 10
−5
J/ψ → γη → 3γ 18551 ± 158 27.18 ± 0.07 (4.42 ± 0.04 ± 0.18) × 10−4 (4.35± 0.14) × 10−4
J/ψ → γη′ → 3γ 5057 ± 94 26.00 ± 0.08 (1.26 ± 0.02 ± 0.05) × 10−4 (1.14± 0.05) × 10−4
J/ψ → γη(1405) → 3γ < 103 25.37 ± 0.09 < 2.63 × 10−6 –
J/ψ → γη(1475) → 3γ < 73 25.41 ± 0.11 < 1.86 × 10−6 –
J/ψ → γη(1760) → 3γ < 191 25.73 ± 0.12 < 4.80 × 10−6 –
J/ψ → γX(1835) → 3γ < 143 25.99 ± 0.11 < 3.56 × 10−6 –
TABLE II. Sources of relative systematic uncertainties and their contributions to the product branching fractions and upper
limits (in %).
Source pi0 η η′ η(1405) η(1475) η(1760) X(1835)
MDC tracking 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Photon identification 3.0 3.0 3.0 3.0 3.0 3.0 3.0
4C kinematic fit 0.4 0.4 0.4 0.4 0.6 0.4 0.5
J/ψ mass window 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Fit range 1.5 0.6 0.8 – – – –
Background shape 1.3 1.0 0.8 – – – –
Sideband region 0.9 0.4 0.6 – – – –
MC statistics 0.3 0.3 0.3 0.4 0.4 0.5 0.4
ψ(3686)→ pi+pi−J/ψ 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Number of ψ(3686) events 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Total 4.4 4.0 4.0 3.8 3.9 3.8 3.8
The photon detection efficiency is studied with a clean
sample of J/ψ → ρ0pi0 [30]. The result shows that the
difference of detection efficiency between data and MC
simulation is 1% per photon.
The systematic uncertainties associated with the 4C
kinematic fit are studied with the track helix parame-
ter correction method, as described in Ref. [31]. In this
analysis, we take the efficiencies with correction as the
nominal values, and the differences with respect to those
without corrections are taken as the systematic uncer-
tainties associated with the 4C kinematic fit.
Due to the difference in the mass resolution between
data and MC, the uncertainty related to the J/ψ mass
window requirement is investigated by smearing the MC
simulation in accordance with the signal shape of data.
The change of the detection efficiency is assigned as the
systematic uncertainty for the J/ψ mass window require-
ment.
To study the uncertainty from the fit range, the fit
is repeated with different fit ranges, and the resultant
largest differences in the signal yields are taken as the
systematic uncertainties.
To estimate the uncertainty associated with the back-
ground shape, alternative fits with first-order or third-
order Chebychev polynomial functions for the back-
ground are performed, and the maximum differences in
signal yields with respect to the nominal values are taken
as the systematic uncertainties.
The uncertainties from the J/ψ sideband region is es-
timated by using alternative sideband regions. The max-
imum differences in signal yields are taken as the uncer-
tainties.
The uncertainty from the decay branching fractions of
ψ(3686) → pi+pi−J/ψ is taken from the PDG [6], and
the systematic uncertainty due to the number of ψ(3686)
events is determined to be 0.7% according to Ref. [17].
Table II summarizes the systematic uncertainties from
all sources for each decay. The systematic uncertainties
associated with the statistics of MC samples are also in-
cluded. The total systematic uncertainty is obtained by
adding all individual uncertainties in quadrature, assum-
ing all sources to be independent.
V. RESULTS
The product branching fraction of J/ψ → γP → 3γ is
calculated using
B(J/ψ → γP → 3γ) =
Nobs −Nbkg
Nψ(3686) ·B(ψ(3686)→ pi+pi−J/ψ) · ε
,
(1)
where P represents the pseudoscalar meson, Nobs is the
number of observed signal events determined from the
fit to the γγ mass spectra, Nbkg is the number of peak-
ing background events, Nψ(3686) is the total number of
8ψ(3686) events [17], ε is the MC-determined detection
efficiency and B(ψ(3686)→ pi+pi−J/ψ) is the branching
fraction of ψ(3686)→ pi+pi−J/ψ [6].
The product branching fractions of J/ψ →
γ(pi0, η, η′) → 3γ, are then determined to be
(3.57 ± 0.12 ± 0.16)× 10−5, (4.42 ± 0.04 ± 0.18)× 10−4
and (1.26 ± 0.02 ± 0.05) × 10−4, respectively, as sum-
marized in Table I. For comparison we also calculate
the product branching fractions using the world average
values of B(J/ψ → γP ) and B(P → γγ) from the
PDG [6], and the our measured branching fractions and
the PDG branching fractions are summarized in Table I.
The first two branching fractions are in good agreement
with the world average values, which are dominated by
the results from BESII [15] and CLEO [16], while the
third one is slightly higher than the world average value,
but consistent within two standard deviations.
To estimate the upper limits on product decay branch-
ing fractions for un-observed pseudoscalar mesons, the
systematic uncertainties are taken into consideration by
convolving the PDF of likelihood values in each decay
with a Gaussian function G(µ, σ) = G(0, Nσsys), where
N is the signal yield and σsys is the corresponding rela-
tive systematic uncertainty listed in Table II. The upper
limits on the number of events and the branching frac-
tions for J/ψ → γ [η(1405), η(1475), η(1760), X(1835)]→
3γ at the 90% C.L. are listed in Table I. Using the
branching fractions of J/ψ → γη(1440) → γKK¯pi [32],
J/ψ → γη(1760) → γωω [8] and J/ψ → γX(1835) →
γpi+pi−η′ [33] and their uncertainties, the upper lim-
its at the 90% C.L. for the ratios of B(η(1405)→γγ)
B(η(1440)→KK¯pi)
,
B(η(1475)→γγ)
B(η(1440)→KK¯pi)
, B(η(1760)→γγ)B(η(1760)→ωω) and
B(X(1835)→γγ)
B(X(1835)→pi+pi−η′)
are determined to be 1.78×10−3, 1.27×10−3, 2.48×10−3
and 9.80 × 10−3, respectively, and are reported for the
first time in J/ψ decays.
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